The four members of the INK4 gene family, p16
Introduction
The p19
INK4d protein belongs to the INK4 family of cyclin-dependent kinase (CDK) inhibitors speci®c for kinases CDK4 and CDK6 (Sherr, 1996; Hunter & Pines, 1994) . The INK4 proteins are active late in the G 1 phase of the cell-division cycle at the checkpoint that includes genetic pathways of cyclin-D-CDK4, the retinoblastoma protein (pRb) and E2F family of transcription factors (Sherr, 1996; Hunter & Pines, 1994) . By inhibiting CDK4, the INK4 inhibitors can block cyclin D-dependent kinase activity and cause G 1 phase arrest. The INK4 family comprises four proteins, p16 INK4a , p15 INK4b , p18
INK4c and p19 INK4d (Sherr, 1996) . The most prominent member of the INK4 protein family is a multiple tumor suppressor protein p16
INK4a (Serrano et al., 1993; Kamb et al., 1994) . It is believed that the disruption of the pRb-p16 pathway is a partial cause of most cancers (Sherr, 1996) . Each member of the INK4 protein family contains several 32 amino acid residue ankyrin-like motifs, which consist of helix-turn-helix structures and are generally considered to participate in protein-protein interactions (Bork, 1993) . The INK4 proteins are homologous to each other, with human p19
INK4d having a 48% identity with that of human p16 over a stretch of 130 amino acid residues (Chan et al., 1995) .
We initiated NMR studies of the INK4 proteins (Kalus et al., 1997) when no structural and protein dynamics information was available on any protein of this family. Recently, however, X-ray structures of human p18
INK4c and p19
INK4d (Venkatarmani et al., 1998; Baumgartner et al., 1998) and an NMR structure of mouse p19
INK4d (Luh et al., 1997) have been determined. In addition, a comprehensive NMR characterization of p16 INK4a and its mutants was reported by Tevelev et al. (1996) , followed very recently by the ®rst NMR structure of p16
INK4a (Byeon et al., 1998) . A general conclusion of the p16 INK4a NMR studies was that INK4 proteins had low solubility, high aggregation tendency and low stability, and that the global conformation was very¯exible, at least in the case of p16
INK4a (Tevelev et al., 1996) . Our present study addresses the question of the p19
INK4d¯e xibility and stability. We report here 15 N relaxation T 1 , T 2 and NOE analysis of the molecular motions of the backbone of p19 INK4d .
Results and Discussion Figure 1 shows the experimental 15 N heteronuclear NOE, T 1 and T 2 values for p19
INK4d obtained from spectra recorded at 600 MHz and 500 MHz. Peak height measurements for all three rates at both ®elds were possible for 126 resonances. For Ala164 and Leu166, relaxation rates could be extracted for the second conformation present at the C terminus of the protein (Figure 2 ).
The mean T 1 at 600 MHz is 907 ms (786 ms at 500 MHz). The mean transverse relaxation time T 2 is 58 ms (61 ms). The heteronuclear NOE showed an average value of 0.76 (0.66). Apparently, most of the residues show little¯exibility on the timescale probed by the NOE effect (10 ns and faster), i.e. NOE values lie close to the maximum. Remarkable, however, are high mobilities around residues 69 and 129, which in both cases are restricted to a very short stretch in the amino acid sequence. These observations are con®rmed by T 2 values, which also show a corresponding trend; striking is the long T 2 of Val69. Figure 3 shows our X-ray structure of human p19
INK4d (Baumgartner et al., 1998) . The structure comprises ®ve ankyrin repeats; each ankyrin repeat contains a helix-turnhelix segment (Tevelev et al., 1996; Kalus et al., 1997; Luh et al., 1997; Venkataramani et al., 1998; Baumgartner et al., 1998; Byeon et al., 1998) . The antiparallel helix-turn-helix motif is connected to neighboring repeats by long loops perpendicular to the molecule long axis. These loops are exposed to solvent and point away from the main body of the molecule. The helices from neighboring ankyrin repeats associate via hydrophobic interactions to form four-helix bundles. INK4d at 27 C. Data were extracted from spectra recorded at a) 600 MHz and b) 500 MHz. Residues for which no results are shown correspond either to proline residues or to residues for which the relaxation data could not be extracted. Stippled gray bars mark residues that were overlapped. The values for Ala164 and Leu166 in the minor conformation are displayed on the right-hand side of the plot and marked with primes. Gray boxes above or below the data indicate the positions of the ankyrin helices.
Val69 is part of the loop that is located at the end of the second ankyrin repeat. This ankyrin repeat is different from all other repeats in that it shows only one helical turn instead of the usual seven residue helix. Residues around Val69 constitute one side of a groove present in the deformed second ankyrin repeat. Unlike the equivalent parts of other ankyrin repeats, the residues around 69 are not packed against the preceding repeat and exhibit higher mobility. Glu129 is located at the C-terminal end of a helix of the fourth ankyrin repeat where a sharp turn can be found in the p19
INK4d structure (Figure 3 ). Interestingly, compared to p19, there is a two residue insertion at the structurally related positions in p16
INK4a and p18 INK4c . Figure 4 shows the spectral density function J(o) sampled at ®ve different frequencies (Farrow et al., 1995; Peng & Wagner, 1992a,b) . As the spectral density function is the Fourier transform of the orientation correlation function,¯exible residues with rapidly decaying correlations correspond to spectral density functions J(o) decaying slowly towards higher values of o. Therefore, J(o H ) increases with increasing¯exibility, whereas J(0) decreases (Abragam, 1961; Peng & Wagner, 1992a,b) . Exchange broadening, on the other hand, increases the apparent J(0) value. Extracting dynamical information directly from the spectral density is the most general approach, since it does not make any assumptions about the motions to be investigated. However, in the case of anisotropic tumbling, the maximum value for J(0) is residuedependent. Based on our structure of p19
INK4d we determined the anisotropy factor s D k /D c 1.9 and calculated scaled J eff (0) values ( Figure 5 , see also Material and Methods) such that the maximum value of J eff (0) for all residues is equal. This maximum value J max eff (0), which corresponds to the absence of fast internal motions, was determined from rigid residues in secondary structure elements and amounts to 5.44(AE0.44) ns. Residues with the scaled J eff (0) values that are higher than 6 ns exhibit signi®cant exchange broadening, indicative of slow time-scale motion (micro-to millisecond). Table 1 summarizes the exchange contributions for these residues. An average overall correlation time t m eff 2.5 J max eff (0) 13.6(AE1.1) ns can be de®ned, which agrees with the isotropic tumbling time t m iso 13.1(AE0.7) ns calculated from T 1 /T 2 ratios of rigid residues (Fushman et al., 1994) . This overall correlation time is quite large for a protein of this size (Kay et al., 1989; Clore et al., 1990; Farrow et al., 1994) and is caused by aggregation (Zink et al., 1994; Mu È hlhahn et al., 1996; Clubb et al., 1995) . We believe that the aggregation is unspeci®c, as the 1 H, INK4d recorded at pH 6.9 and 27 C. Residue-speci®c assignments of the backbone 1 H and 15 N frequencies are indicated. Horizontal lines connect the side-chain NH 2 frequencies of asparagine and glutamine residues. Cross-peaks of the minor conformation are marked with primes.
p19
INK4d Backbone Dynamics
The aggregates mostly possess anisotropy factors s D k /D c different from 1.9 and long axes that are not parallel with the long axis of the monomer. For unspeci®c aggregation, there is a distribution of anisotropy factors and axis orientations of the aggregates. Although we do not know the exact shape of this distribution, we can expect that the average over all aggregates of s is smaller than 1.9 and that the average long axis of the aggregates is nearly parallel with the long axis of the monomer. The overall effect of aggregation on the anisotropy of the reorientation is then a reduction of the anisotropy factor s. The present analysis is not very sensitive to small changes in s and errors introduced by aggregation are therefore expected to be smaller than the experimental uncertainties. The possibility that the R ex exchange contributions of Table 1 are caused by unspeci®c aggregation can be excluded on the basis of the observation that exchange appears for single amino acid residues and not for groups of residues that could possibly constitute aggregation sites.
The spectral density function analysis parallels that of the raw experimental data: low J(0) values and high J(o H ) for the terminal residues as well as for Val69 and Glu129 show fast motion. Low J(o H ) values for the rest of the protein indicate restricted exibility on fast time-scales (<10 ns). Interestingly, the minor conformation of the C terminus is less exible than the major conformation. Lower J eff (0) values in the turns connecting the two helices of one ankyrin repeat and for several residues in the loops connecting consecutive ankyrin repeats without a signi®cant increase in J(o H ) indicate a small amount of fast internal motion there. Exchange broadening can be found for residues at the beginnings and ends of loops that connect ankyrin repeats (Ser66 and Ser76, Ala108/Leu109, Asp131 and Thr141). The deformed second ankyrin repeat is dynamically most heterogeneous. It exhibits high exibility around Val69 on fast time-scales. The loop between the ®rst and the second ankyrin repeat shows strong exchange broadening for many residues (His34, Gly42, Thr44 and Gln47). There is also one residue in the helix, Glu59, that seems to be involved in slow conformational changes. Another residue located in the regular secondary structure that exhibits exchange broadening is His112.
The distribution of the exchange broadened residues in the p19
INK4d structure is asymmetric ( Figure 6 ). All amino acid residues listed in Table 1 are located on two opposite faces of the p19 This intriguing feature may facilate a plastic deformation of the whole molecule, which might be neccessary for the CDK binding.
Our relaxation data show no clear correlation between¯exibility or exchange broadening and location of mutations associated with human tumors. Still, it can be noted that in all three cases when conserved and exchange broadened residues are mutated, CDK binding is lost (residues 41, 47 and 83 in Figure 6 ). This is consistent with fact that the sensitivity of the INK4 proteins to deleterious mutations is found throughout the tumor suppressor protein structure without clustering at a single region. It therefore appears now that most tumorderived mutations in p16
INK4a globally destabilize the secondary structure and side-chain packing of the entire p16
INK4a molecule rather than locally disrupting its CDK4 and CDK6 binding site (Zhang & Peng, 1996; Tevelev et al., 1996; Luh et al., 1997; Venkataramani et al., 1998; Baumgartner et al., 1998; Byeon et al., 1998) .
Proteins that are built up from ankyrin repeats are known to be mainly involved in protein-protein interactions (Bork, 1993) . Our investigations of the backbone dynamics of p19
INK4d revealed a well-de®ned structure for the helix-bundle core of the protein (on the nanosecond and picosecond time-scales). Therefore, it is unlikely that p19 INK4d binds to its target kinases CDK4 and CDK6 by inserting a part of the helix bundle segment into a (Baumgartner et al., 1998) . Usually, this kind of interaction requires some conformational¯exibility in order to promote the docking process by thermally induced motions. However, the scaled spectral density J eff (0) reveals signi®cant exchange broadening for residues located mainly in the loop regions. This feature is most pronounced in the Nterminal part of p19 INK4d , where the ankyrin repeat has atypical structure. The dynamical and structural data available so far suggest the loop region as a possible binding site for the CDKs. This proposal is in agreement with the p16 INK4a -CDK4 model of the interaction described by Byeon et al. (1998) . It is in agreement also with the structural data of two structures published to date of ankyrin-repeat-containing proteins in the complex with their target proteins (Svetlana & Pavletich, 1996; Batchelor et al., 1998) . In both cases, the interactions were mediated by residues in the loop segments of ankyrin repeats.
Conclusions
We have shown that (neglecting¯exible N and C termini) the p19
INK4d backbone exists in a well-de®ned structure of limited conformational¯e xibility on the nano-to picosecond time-scales. Only two very short stretches of the protein arē exible on very fast time-scales; namely, residues around Val69 and Glu129. We introduced a scaling for the J(0) values that makes identi®cation of slow time-scale motion possible in the presence of anisotropy of the overall rotational diffusion. Although considerable amounts of exchange broadening can be found for several residues throughout the sequence, these are located mostly in the second ankyrin repeat, and in the beginnings and ends of loops connecting ankyrin repeats. These segments of p19
INK4d should therefore be the prime candidate binding sites for the cyclin-dependent kinases CDK4 and CDK6.
Material and Methods

Sample preparation
An approximately 0.7 mM, uniformly 15 N-labeled p19
INK4d sample in 90% H 2 O/10% 2 H 2 O at pH 6.9 was prepared as described by growing bacteria on a minimal medium containing 15 N-labeled ammonium chloride (1 g/l) as the only nitrogen source supplemented with minerals and cofactors (Kalus et al., 1997) . . Highlighted residues represent amino acid residues that show exchange broadening ( Table 1 N heteronuclear NOE were measured at 300 K on Bruker AMX500 and DRX600 spectrometers equipped with PFG accessories using modi®ed versions of the experiments proposed by Farrow et al. (1994) and described in detail by Mu È hlhahn et al. (1996) H, respectively. Saturation of the amide protons in the heteronuclear NOE experiments was achieved by the application of a series of 120 pulses prior to the experiment (Markley et al., 1971) . NOE values are given by ratios of peak heights in the experiments with and without proton saturation (at 600 MHz both were recorded twice). In the T 1 and T 2 experiments, water saturation was avoided using low-power waterip-back pulses. The relaxation delays used for determination of the relaxation rates were 11 ms, 200 ms, 400 ms, 700 ms, 1.0 s, 1.6 s and 2.5 s for T 1 and 16 ms, 32 ms, 48 ms, 64 ms, 96 ms, 128 ms, 161 ms and 241 ms for T 2 at 600 MHz. To obtain T 1 and T 2 values, the experimental data points (peak heights) were ®t to a curve A exp(Àt/T 1 or 2 ) with a simple grid search. Uncertainties in the T 1 , T 2 and heteronuclear NOE values were determined as described by Zink et al. (1994) ; they amount to %5% for T 1 and T 2 , and %7% for the NOE values. Additionally, the optimal sampling strategy described by Jones et al. (1996) was used for T 1 and T 2 measurements. Only two relaxation delays are used in this approach, and they should differ by 1.3 times the expected relaxation time. The experiment with the longer relaxation delay is recorded with four times as many scans as that with the shorter (essentially zero) delay. If the spread-out of relaxation times is not too large, this provides optimal reliability of the data within a given experimental time. Relaxation rates, as well as errors, can be calculated analytically. The difference in relaxation delays was 1100 ms for T 1 and 80 ms for T 2 at 600 MHz and 935 ms for T 1 and 95.5 ms for T 2 at 500 MHz. At 500 MHz, only the optimal sampling method was used for T 1 and T 2 measurements. Since the optimal sampling method resulted in smaller errors for T 1 and T 2 (an average error of 4%, compared to 5% in conventional sampling), these values were used for data analysis and are displayed in Figure 2 .
Reduced spectral density mapping
Amide relaxation was analyzed assuming dipolar coupling between nitrogen and its attached proton and a contribution from the 15 N chemical shift anisotropy (Abragam, 1961) . The spectral density function J(o) has quite small values for o o H ( 1 H angular spin precession frequency) as has been shown by Peng & Wagner (1992a,b) and Lefe Ávre et al. (1996) . Therefore, it can be assumed that it varies only little in the vicinity of o H . For o o H AE o N , we used the approximation Farrow et al. (1995) . Values of J(o) can thus be calculated at o o 0 , o N , 0.870 o H from T 1 , T 2 and NOE data. Both approximations resulted in almost identical values for the spectral density function at these frequencies. This agreement proves the applicability of the approximation used, as these two methods give lower and upper bounds for the exact values of the spectral density function. An isotropic overall correlation time t m iso was then determined from T 1 /T 2 ratios of residues that show little internal motion and no signi®cant exchange broadening (that is NOE > 0.6, T 1 /T 2 ratio within one standard deviation of the mean value; Clore et al., 1990) . It is possible to calculate t m analytically, assuming that the contributions of the spectral density function at the proton frequencies can be neglected Fushman et al. (1994) :
Several recent studies of spectral density mapping showed that this assumption is valid for residues that exhibit little internal motion (Peng & Wagner, 1992a,b; Lefe Ávre et al., 1996; Papavoine et al., 1997) . We obtained 13.7 ns and 12.7 ns at 500 and 600 MHz, respectively. These differences in t m values come most likely from the fact that nominal 300 K on both spectrometers corresponds to slightly different actual temperatures of the sample solution. As the reduced spectral density mapping method (in contrast to the Lipari-Szabo model) does not use the data from both ®eld strengths simultaneously, this small difference in t m does not interfere with our data interpretation.
Anisotropy
Since the eigenvalues of the p19 INK4d inertia tensor are in the ratio 1:0.88:0.34, the shape of the molecule was approximated by a symmetrical ellipsoid. The ratio of the long to the short axis was determined from the threedimensional structure and is 2:1. The anisotropy factor s given by the ratio of the diffusion constants parallel with and orthogonal to the long axis of the molecule was calculated from this ratio to be s D k /D c 1.9 (Woessner, 1962; Zink et al., 1994) . For each residue, the angle a between the N-H bond vector and the long axis was extracted from the 3D structure.
It is clear that the spectral density J(0) is at maximum when the orientation autocorrelation decay is slowest, that is if no motion in addition to the overall tumbling is present (Woessner, 1962) . In that case, the spectral density J overall tumbling (o) for a symmetrical ellipsoid is given by (Woessner, 1962) :
with A 1 0.75 sin 4 a, A 2 3 sin 2 a cos 2 a, A 3 (1.5 cos 2 a À 0.5) 2 , t 1 6t 3 /(2 4s) and t 2 6t 3 /(5 s). The maximum value for J(0) is then:
Apparently, J max (0) is residue-dependent. Scaling J(0) by C/(A 1 t 1 A 2 t 2 A 3 t 3 ) with a residue-independent constant C results in J eff (0) with the same J max eff (0) for all possible orientations a of the N-H bond vector, i.e. for all residues. It follows that J eff (0) depends only on the dynamics of a given residue, whereas J(0) depends on the dynamics of the residue and the orientation of the N-H bond vector. C was chosen such that the average of the scaling factor over all residues is unity. The scaling factor had then values between 0.78 and 1.09.
For internal motions on time-scales t i < t 3 (internal motions with t i > t 3 are averaged out by the overall tumbling and therefore do not contribute), the effect of anisotropy is not removed completely. Assuming that p19
INK4d Backbone Dynamics the correlation function can be factorized into a part J 0 (0) describing the overall anisotropic tumbling, and AE i 5 1 J i (0) describing the internal motion (Lipari & Szabo, 1982) , J(0) can be written as:
with AE i0 I a i 1, where a i is the fraction of the integral of J(o) from zero to in®nity that the motion with time constant t i contributes. t i,k equals t i t k /(t i t k ). With t eff de®ned by:
J i (0) can be written as:
Substituting equation (5) Multiplying equation (6) with the scaling factor C/(A 1 t 1 A 2 t 2 A 3 t 3 ) gives: The only dependence of J i eff (0) on the orientation of the N-H bond vector is through t eff , which can be shown to increase monotonically with increasing t i and it decreases monotonically with the angle a increasing from 0 to 90 . In the case of p19
INK4d
, t eff varies from 0.72 t 3 (t i 0, a 90 ) to t 3 (t i t 3 , a 0 ). From this, it follows that the maximum variation of J i eff (0) depending on a is AE7.4%. As in most real cases, a i t i 5 t 3 and therefore J i eff (0) 5 J eff (0) anisotropic effects for J eff (0) will be much smaller than the experimental error.
The average of the J eff (0) values of all residues in secondary structure elements was 5.44 ns with a standard deviation of 0.44 ns. A relatively small dispersion of J eff (0) values in the helices con®rmed the assumption that residues in the helices possess little¯exibility. As the absence of internal motions leads to a maximum J eff (0) value, this average value was then taken as maximum J max eff (0) for J eff (0) and an average overall correlation time t m eff 2.5 J max eff (0) 13.6(AE1.1) ns was de®ned for comparison with other (isotropic) relaxation studies. J ). The errors of the R ex values summarized in Table 1 are obtained from the uncertainty of J max eff (0) and the experimental error of the J(0) values.
Accession number
The atomic coordinates for the structure have been deposited with PDB (accession code 1BD8).
